Hot deformation behavior of 30Mn-0.5C-3.7Al-4Si TWIP steel was investigated in this study. Cylindrical specimens were used for hot compression tests at temperatures ranging from 750 to 1 000°C and the strain rate range of 0.001-0.5 s −1 . The effect of temperature and strain rate on the flow curves was addressed. Then, processing maps of hot deformation of the steel at the selected strains of 0.5 and 0.6 were developed. In addition, standard metallography procedures were conducted on the specimens after the hot compression tests. The generated processing maps indicated that there were only one unstable region and two stable regions in which dynamic recrystallization occurred. In addition, power dissipation was generally decreased with increasing the strain, while stability flow zone was gradually expanded. In the stable region, the dynamic recrystallization zone with a maximum efficiency 0.35 at a temperature of about 1 000°C and the strain rate 0.1 s −1 was enlarged with increasing the strain up to 0.6. Finally, an optimum hot working condition for the TWIP steel was predicted from the processing maps.
Introduction
High Mn austenitic TWIP steels provide a great potential in industrial applications, especially for structural components in the automobile industry owing to their excellent combination of strength and ductility. It has been reported that such a combination can be attributed to the austenitic matrix behavior as well as the twinning process during plastic deformation. [1] [2] [3] Complete understanding of high Mn steels behavior during hot deformation is a key factor in developing new production technologies. Hot deformation is an important processing step during manufacturing the most metallic products in which considering the effect of process parameters on microstructure determines the final mechanical properties. For better understanding of mechanical and microstructural evolutions during hot deformation, it is necessary to evaluate the hot workability of materials. It is wellknown that hot workability of a metal is deteriorated in the presence of various deformation defects such as microcracking, flow oscillation and micro void coalescence while dynamic restoration processes such as dynamic recovery (DRV) and dynamic recrystallization (DRX) can cope with the effect of such defects. 4) In recent years, the use of processing maps has been widely accepted to optimize the hot workability and control the microstructure of the material without using expensive and time-consuming trial and error methods. The processing map developed by Prasad et al. is based on the theory of the Dynamic Material Model (DMM). According to this theory, a material is considered as essentially dissipative. 5) By using the processing map, deformation mechanisms such as intergranular cracking, mechanical twinning, DRV and DRX in various deformation conditions can be predicted. In addition, the instable deformation zones that should be avoided during a hot deformation process can be identified. 6) In this regard, the domain in which DRX as a dominant phenomenon takes place is considered beneficial for hot working since the process of softening enhances the intrinsic workability. 7) Accordingly, the processing map technique helps in optimizing the workability and controlling the microstructure of the final product. 8) Generally, the processing maps consist of two superimposed maps at constant strain, i.e., efficiency and instability maps as a function of temperature and strain rate. A good hot workability of a material should then be indicated by the high values of dissipation efficiency without instabilities. 5) In recent years, many reports have been published on the hot deformation behavior of high Mn austenitic TWIP steel. However, there are only a few researches on the processing maps of the high Mn TWIP steel. Zhang et al. 9) established processing map of Fe-0.19%C-23%Mn-1.86%Al-0.15%Si steel, with specific attention on the comparison of various criteria based on DMM from both experimental and theatrical points of view. In addition, Marandi et al. 10) used a TRIP-TWIP steel (Fe-0.11%C-21%Mn-1.6%Al-2.7%Si) to establish the processing map and explained only the domain associated with dynamic recrystallization region. Comparison the above research works shows that the chemical com- position play an important role on the phenomenon takes place at elevated temperatures. Therefore, the main purpose of the present work was to better understand the hot deformation behavior of a TWIP steel using developed processing map.
Experimental Procedure

Hot Deformation Experiment
The chemical composition of the steel is given in Table  1 . In order to modify the undesired as-cast structure and achieve a fine grain microstructure, the ingot was homogenized at 1 150°C for 4 h. Then, the steel was machined into cylindrical samples which were 9 mm in height and 6 mm in diameter. The hot deformation experiments were performed using a testing machine equipped with a programmable furnace. It should be noted that mica foil and graphite powder were applied between the samples and the compression anvils to reduce the friction. The samples were heated to a test temperature ranging from 750 to 1 000°C, held for 300 s at the temperature and then compressed under a constant strain rate (in the range of 0.001-0.5 s −1 ) up to a predetermined strain. To investigate the DRX behavior of the experimental steel, a number of samples were immediately water-quenched at the end of the test. All optical micrographs were obtained from the longitudinal sections of the samples. Conventional metallography method was conducted on the samples. The polished surfaces were then etched using a solution of 50 ml aqueous CrO3 and 25 ml HCl.
The friction between the sample and anvils during the hot compression test influences on the flow curves. In order to minimize the same effect, different lubricants such as graphite powder and mica foil employed in this work. However, to modify the friction effect, the most recent model was employed as explained in the literature.
11,12) Figure 1 exhibits the flow curve subjected to hot compression at 950°C before and after the correction procedure. It can be seen that the friction was increased as the strain was increased, as expected. All the flow curves were corrected using the same procedure.
Processing Map Development
As mentioned before, the processing maps are generated based on the DMM concept and the principles described earlier. 9, 13) Briefly, in order to build a processing map, the work piece under hot deformation is considered as a dissipater of power (total power P consists of two complementary parts: G and J). The former term contains the power dissipated by plastic work while most of which is converted into viscoplastic heat. The latter is the energy or work related to dynamic mechanisms such as DRV and DRX.
14)
The strain rate sensitivity m of flow stress is the factor that partitions power between deformation heat and microstructural changes, as follows:
where σ is the flow stress and is the strain rate.
The characteristics of power dissipation through microstructural changes are described in terms of the efficiency of power dissipation η, which is defined as: Flow instabilities are predicted to occur when ξ is negative.
The instability map may be superimposed on the power dissipation map to obtain a processing map. To obtain an instability processing map, the parameter ξ can be expressed as a function of temperature and strain rate. Based on the instability processing map during hot plastic deformation, metallurgical instability occurs in the regimes where ξ is negative. So, the hot processing map can be obtained by combining the power dissipation and the instability processing maps.
Results and Discussion
Flow Curves Behavior
The true stress-true strain curves of the steel at different temperatures and strain rates are plotted in Fig. 2(a) to d. It can be seen that the deformation temperature and strain rate had a significant effect on the flow behaviors of the TWIP steel. It is clearly observed from Fig. 3(d) that flow stress levels were increased with increasing the strain rate, while they were decreased with increasing the temperature. The shape of the curves can be indicative of microstructure changes in the materials during deformation processes.
15) It should be noted that the stage of work hardening before reaching the peak stress usually indicates the occurrence of twinning and the following work softening is attributed to DRX. 16) As shown in Figs. 2(a) to 2(c), the flow curves can be divided into three categories: 1) the curves subjected to hot compression were in a temperature range from 750 to 850°C and strain rates of 0.01-0.1 s -1 and showed no evi- dence of DRX as no peaks were observed, 2) the curves in the temperature range of 900-1 000°C and the strain rates of 0.01-0.1 s -1 exhibited peak and hence, the occurrence of DRX, and 3) the curves in all temperatures and the strain rates of 0.5 s -1 showed peaks confirming DRX occurrence in this category. Therefore, stress peak was observed in curves at strain rates from 0.01 to 0.5 s −1 and temperatures above 850°C. Zhang et al. 9) observed recrystallized grains in microstructure at temperatures above 900°C and at strain rate higher than 0.1 -1 s, while they did not observe well defined peaks on their flow curves. However, in the present work, the peak associated to DRX was clearly observed at temperatures above 850°C on the curves, Fig. 2 . It should be noted that the above mentioned observations were verified by corresponding microstructures to be published shortly in another paper. As expected, at higher strain rates and lower temperatures, the higher work hardening rate slowed down the rate of work softening (mainly due to DRX) and both the peak and the onset of steady-state flow were, therefore, shifted to higher strain levels.
Establishment of the Hot Processing Map
The flow stresses employed to establish the hot processing maps are shown in Table 2 . By using the values in Table  2 , the relationship between logσ and was drawn as shown in Fig. 3 . In addition, the strain rate sensitivity (m) was calculated according to Eq. (1). As a result, the efficiency of power dissipation (η) was calculated using Eq. (2). Figure 4 shows the power dissipation maps at different true strains. Furthermore, the values of ξ, based on different temperatures and strain rates were obtained by substituting the values of and m in Eq. (3). Consequently, the instability maps were developed on the basis of the instability criterion given by Eq. (3), which corresponded to strains of 0.5 and 0.6, as shown in Fig. 5 . Finally, the hot processing maps of the TWIP steel were obtained by means of superimposition of the power dissipation (Fig. 4) on the instability (Fig.  5 ) maps, as can be seen in Fig. 6 . In this figure, the contours represent constant efficiency and the different color levels denote different values of efficiency. It could be found that the power dissipation was generally decreased with increasing the strain, while the stability flow zone was gradually expanded.
In the processing maps, instability and safe deformation domains can be determined. In the instability domains, manifestations of typical microstructural are adiabatic shear bands formation, crack, flow localization, dynamic strain aging, and kinking or flow rotations. However, the microstructure mechanisms of the safe domains correspond to the occurrence of DRV and DRX. 7) As reported, DRV in austenitic TWIP steels rarely takes place, mainly due to their low stacking fault energy. 5) In terms of DRX occurrence, it has been suggested that annealing twinning plays an important log ε © 2015 ISIJ role during nucleation and subsequent growth of DRX grains in austenitic steels. Also, deformation heating is beneficial for DRX nucleation and grain boundary migration.
11)
In austenitic TWIP steels, DRX takes place for the alloy deformed at higher temperatures and strain rates. The hot processing map of the TWIP steel developed at the strain of 0.6 is shown in Fig. 4 According to the power dissipation map, as shown in Fig.   4 , the value of η in domain III was varied in the range of 0.30-0.35, which was close to those in the DRX domain, as reported for other austenitic steels and alloys. 9) Figure 7 shows the microstructure of the homogenized steel. It can be seen that it consisted of uniform equi-axed austenite grains containing some annealing twins with the average grain size of 40 μm. found that DRX occurred in the temperature range of 950-1 000°C. The DRXed grain size average was measured to be 30 μm. It is necessary to note that in this domain both temperature and strain rate were high enough to trigger the DRX. In this regards, the higher temperature resulted in higher activation energy for recrystallization. Zhang et al. 9) demonstrated that in their work, the peak domain was occurred in the temperature range of 950- 1 150°C and strain rate of 0.001-1 -1 s. Therefore, DRX has occurred at lower temperatures in the present work as compared to the above research work. This can be attributed to the different chemical compositions, as the present work used higher carbon steel. It has been shown that carbon could promote DRX in austenitic steels by decreasing DRX activation energy. 18) In domain II, the value of η was low, but this domain was a stability area. It should be noted that the region with a relatively low value of η does not necessarily indicate the absence of DRX as the dominant mechanism.
9) Microstructural observations (Figs. 8(b) to 8(c) ) suggested that DRX could be considered as the primary mechanism. Based on Figs. 8(b) to 8(c), DRX was increased with increasing the strain rate from 0.1 up to 0.5 s -1 . This could be attributed to the deformation heating that led to encouraging DRX in the local areas. However, this phenomenon has been reported to be considerable for strain rates higher than 1 s -1 . 9) Obviously, precise investigations need to be performed to confirm the phenomenon.
Comparing domains II and III, it showed that DRX extension was more complete in the latter, Figs. 8(b) and 8(e). This phenomenon could be due to the fact that domain II associated with lower temperature, providing insufficient activation energy for DRX.
In domain I, as the instability region, partial DRX occurred along with few cracks owing to the instability condition as denoted by the arrows in Fig. 8(a) . The cracks have been reported to initiate and propagate due to undesirable deformation condition. In fact, because of low temperature regime in this domain, grains after partial DRX along with elongated, work hardened grains were created. The cracks were then propagated through the work hardened grains as shown in Fig. 9 . In this regards, Zhang et al. 9) reported deformation bands indicating the domain instability with no sign of cracking.
According to the hot processing map (Fig. 6(b) ), two safe domains (domains II and III) can be identified. The domain III possesses higher η level (indicating more DRX) than the one for domain II. The higher η level and therefore, the greater workability of material would be in the high temperature deformation. In this regard, among all microstructures obtained from samples deformed at the strain of 0.6 in domain III, the one deformed at 1 000°C and at the strain rate of 0.1 s −1 exhibited higher extension of DRX ( Fig.  8(d) ). In other words, in this sample, DRX was a beneficial phenomenon during hot deformation process due to greater intrinsic workability, which was owing to the simultaneous softening and reconstitution of the microstructure. Therefore, the optimum hot working condition for the TWIP steel studied in this work was determined to be the deformation temperature of 1 000°C and the strain rate of 0.1 s −1 .
Conclusions
For better understanding of the hot deformation behavior of a 30Mn-0.5C-3.7Al-4Si TWIP steel, processing maps were established. From the processing maps, it was found that:
(1) The power dissipation η was generally decreased with increasing the strain, while the stability flow zone was gradually expanded.
(2) The obtained processing map consisted of three different domains. In domain I (instability region), partial DRX occurred, while in domain II (stability area), DRX took place. In this domain, DRX was increased with increasing the strain rate from 0.1 up to 0.5 s (4) Microstructural investigations suggested that DRX was the primary mechanism.
(5) The microstructure of the sample subjected to deformation at the temperature of 1 000°C and the strain rate 0.1 s −1 exhibited the highest amount of DRX grains, thereby showing the optimized hot working condition in this study.
